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Abstract
Assessment of potential CO2 and brine leakage from wellbores is central to any consideration of the viability 
of geological CO2 sequestration. Depleted oil and gas reservoirs are some of the potential candidates for 
consideration as sequestration sites. The sequestration sites are expected to cover laterally extensive areas to be 
of practical interest. Hence there is a high likelihood that such sites will contain many pre-existing abandoned 
wells. Most existing work on wellbore integrity has focused on field and laboratory studies of chemical 
reactivity. Very little work has been done on the impacts of mechanical stresses on wellbore performance. This 
study focuses on the potential enhancement of fluid flow pathways in the near-wellbore environment due to 
modifications in the geomechanical stress field resulting from the CO2 injection operations. The majority of the 
operational scenarios for CO2 sequestration lead to significant rise in the formation pore pressure. This is 
expected to lead to an expansion of the reservoir rock and build-up of shear stresses near wellbores where the 
existence of cement and casing are expected to constrain the expansion. If the stress buildup is large enough, this 
can lead to failure with attendant permeability enhancement that can potentially provide leakage pathways to 
shallower aquifers and the surface. 
In this study, we use a numerical model to simulate key features of a wellbore (casing, annulus and cement) 
embedded in a system that includes the upper aquifer, caprock, and storage aquifer. We present the sensitivity of 
damage initiation and propagation to various operational and formation parameters. We consider Mohr-Coulomb 
shear-failure models; tensile failure is also likely to occur but will require higher stress changes and will be 
preceded by shear failure. The modeling is performed using the numerical simulator FEHM developed at LANL 
that models coupled THM processes during multi-phase fluid flow and deformation in fractured porous media. 
FEHM has been developed extensively under projects on conventional/unconventional energy extraction 
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1. Introduction
Depleted petroleum reservoirs are being considered for geological sequestration of CO2. Such reservoirs are 
penetrated by significant numbers of abandoned wells that represent a potentially important pathway for leakage 
of stored CO2 as well as displaced brine into shallower aquifers and the surface. Injection of significant quantities 
of CO2 can result in pore pressure elevation over large portions of the sequestration reservoirs. These pressure 
changes can cause mechanical stresses that have the potential to damage the wellbore system and generate leaks 
of CO2 and brine from underground sequestration reservoirs. 
US DOE’s National Risk Assessment Partnership (NRAP) project identifies “Wellbore Integrity” as a key 
technical element associated with risk assessment at a potential geological carbon sequestration site (NRAP [1]). 
They identify the response of the wellbores to physical and chemical processes as an important technical issue 
impacting the risks associated with geological sequestration of CO2. Orlic [2] note that the mechanical impact of 
CO2 injection on the integrity of cement, casing and the host rock surrounding the wellbore have to be 
considered. Existing older wells such as those that exist in depleted petroleum reservoirs may pose particular 
risks due to their age and the possibility that they may not have been completed to the more demanding standards 
currently in place.  Bois et al. [3] state that while the chemical reactions between cement and CO2 carrying water 
are expected to be slow, the combination of mechanical damage with chemical damage could be of concern. 
Carey [4] states that the most important role of geochemical reactions is in acting on pathways created by 
mechanical stresses. Thus mechanical damage to the wellbore can have greater impact on the containment issues 
than might be judged on the basis of initial leakage rates alone. While a unique set of regulations regarding 
acceptable rates of CO2 or brine leakage from geological sequestration reservoirs have not yet been established, 
IPCC-2005 [5] sets the goal of 99% CO2 retention in 1000 years. Potential leakage pathways in a degraded 
wellbore are identified by Gasda et al. [6] as being the interfaces between cement and rock, between casing and 
cement, and the cement itself. 
Here we present the results of a modelling study aimed at evaluating the potential for creation of permeable 
pathways around the wellbore that could lead to leakage of CO2 out of the sequestration reservoir through the 
caprock. We present some cases with different mechanical properties of the wellbore system that display failure 
of integrity due to poro-elastic effects.
2. Wellbore Model
This work addresses the potential for wellbore failure due to combined fluid flow and mechanical effects 
resulting from far-field injection operations that modify the local stress field in the vicinity of an existing 
wellbore. The far-field in situ stress is considered to be known and uniform on the scale of study. This paper 
focuses on normal faulting stress regimes. The existence of the wellbore creates a region of stress concentration 
which is accounted for in the model.  Injection of CO2 into the reservoir elevates the pore pressure, tending to lift 
the caprock relative to the wellbore, creating potential for damage to the wellbore. Because the process and 
geometry involved are complex and coupled, we used a numerical simulator FEHM (Kelkar et al. [7]) for 
modeling this system.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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Figure 1. A conceptual model of a pre-existing wellbore penetrating a permeable reservoir subjected to CO2 
injection. 
2.1 Conceptual model
The wellbore system is conceptualized (Figure 1) as a cylindrical vertical hole penetrating through the 
permeable reservoir, with a concentric steel casing on the inside and cement in the annulus between the casing 
and the rock. The system modelled was taken to be isothermal at 400 C. Because this work focuses on wellbores 
that exist at significant distances (100’s of meters) from the CO2 injection locations, isothermal modelling is 
considered adequate, using the existing tools described in this report. Future work can address the thermal effects 
that could be important for wellbores in the vicinity of injection locations. The stress equations modelled here are 
linear (linear elasticity), allowing the problem to be separated into two additive components. Stress changes for a 
poroelastic material subjected to pore pressure alterations were calculated by solving the linear poroelasticity. 
These were added to the initial stresses to calculate the modified state of stress which was then used to solve the 
coupled equations of fluid flow with stress-dependent permeability and an updated pressure field in a sequential 
fashion. Dependence of the permeability upon the stress field was modelled using the Mohr-Coulomb failure 
criteria – permeability remained at the fixed initial value until the failure threshold was reached, after which it 
was increased up to a maximum value using a linear ramp function. Since chemical processes are not included in 
this study, and the hydraulic diffusivity of CO2 is on the same order of magnitude as water, it was considered 
adequate to model the fluid flow processes using the equation of state of water at 400 C.
We constructed a model of a wellbore oriented vertically. The wellbore was taken to consist of a steel casing 
with a cement sheath within the host rock. The steel casing, steel-cement interface, cement, cement-rock 
interface, cap rock, and the reservoir rock were included as regions with distinct material properties. The 
wellbore-rock interface was taken to be circular and smooth with a constant diameter. The casing and the cement 
sheath were taken to be centred along the wellbore axis. The region modelled was the interface of a permeable 
reservoir with a low permeability caprock, homogeneous except for the wellbore. The reservoir-caprock interface 
was taken to be perfectly horizontal. It was assumed that the well penetrated the entire thickness of the reservoir 
and the casing was anchored sufficiently far below the bottom of the reservoir.
2.2 Permeability-stress model
In this study material failure was modelled using the Mohr-Coulomb criteria and a model of permeability 
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change due to shear failure. The condition for shear failure is derived from the Mohr-Coulomb criterion (Jaeger 
& Cook [8]), which is conveniently described by defining a quantity we will call Mohr-Coulomb stress 
(MCStress) by
 * effoMCStress SW P V                                                       …………… Eq. 1
where W is the absolute value of the shear stress on a plane, effV is the effective normal stress (i.e. normal 
stress, positive in compression, minus the pore pressure) acting on  that plane, oS is cohesion, and P is the 
coefficient of sliding friction on the plane. If MCStress > 0 then shear failure will occur.
*
1 max
initialK K pF
pF pF
 
d d                                                    …………….Eq. 2
The permeability of the damaged material is modified by a linear ramp function (Eq. 2), shown 
schematically in Figure 2, where pFmax stands for the maximum value of the multiplying factor for permeability 
and MCStress-ramp stands for the value of MCStress at which the permeability reaches its maximum value. The 
general shape of this function is based on published experimental data (Lee & Cho [9]).
Figure 2. A schematic showing the functional modification of permeability for damaged zones.  
2.3 Domain and Grid
The model domain (Figure 3-a) was a quarter section of a cylinder, starting with the inner surface of the steel 
casing and extending 5 m in the horizontal directions. The height for most simulations was 10 m in the vertical, 
although some studies were performed with a height of 100m to allow the damage front to propagate for longer 
durations. The zone of interest was about 0.2m in the radial direction in the horizontal plane, which was finely 
gridded to represent the steel casing, cement, reservoir, caprock, and interfaces between steel and cement and 
cement and rock, coarsening out to the domain boundaries (Figure 3-b). A thin horizontal slice, 0.5m thick, at the 
bottom of the model was taken to represent the permeable reservoir. The grid spacing in the vertical direction 
was 0.0417 m. The grid consisted of a total of 49500 nodes arranged into 42330 hexahedral elements. The fluid 
flow computations were performed on voronoi control volumes defined on each node while deformation 
equations were solved using the finite element technique.
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Figure 3. Model domain and the grid (a) the entire domain, and (b) a close-up of the wellbore and layers showing 
the casing, cement, interfaces, reservoir, and the caprock.
2.4 Material properties
All nodes in the domain were assigned a coefficient of friction of 0.8, Biot coefficient of 1, coefficient of thermal 
expansion of 0 (since this study is not considering thermal stresses). Sensitivity to the Biot coefficient will be 
addressed in future work. The ranges of values of material properties that differed from region to region are 
given in Table 1.
Table 1. Ranges of material properties used in simulations
Material Young’s 
Modulus 
(GPa)
Poisson 
Ratio
Cohesion
(MPa)
Density
kg/m3
Coefficient 
of Friction
Porosity Initial 
Permeability
(log10 (m2))
Steel 
casing
200 0.28 70 6600 0.8 0.001 -22
Cement 1 - 10 0.1 -0.3 0.6 - 6 2400 0.8 0.25-0.4 -18
Caprock 1 - 20 0.1 -0.4 1.5 - 14 2200 0.8 0.05-0.2 -18
Reservoir 10 - 30 0.1 -0.3 3 - 20 2200 0.8 0.25 -12
Cement-
Steel 
Interface
0.4 - 10 0.1 -0.4 0 – 1.5 2500 0.8 0.2-0.5 -16
Cement-
Rock 
Interface
0.4 - 10 0.1 -0.4 0 – 1.5 2300 0.8 0.2-0.5 -16
2.4 Initial Conditions
The model was assigned an initial pore pressure of 10 MPa and a temperature of 40 0C. The pre-existing far-field 
stress field was taken to be such that the orientation of the maximum principal stress was vertical along the Z 
axis, with the median and minimum principal stresses being in the horizontal plane along the Y and X directions 
respectively. Because of the wellbore the principal stresses are modified in the vicinity of the well (Zoback 
2007). In the horizontal directions, the initial stress conditions were taken to be those appropriate for a circular 
hole in an infinite horizontal plate subjected to far field stresses that exist in the formations. These were 
calculated from the analytical solution (Jaeger and Cook 1979). For modifications to the vertical stress two 
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extreme scenarios can be considered: plane stress in the horizontal plane where a free surface is assumed to exist 
that accommodates the displacements caused by the Poisson’s effect and the vertical stress is not affected by the
existence of the wellbore; and plane strain where vertical displacement is constrained and the vertical stress is 
modified by a term proportional to the Poisson’s ratio. Here we address the plane stress case.
For the present work we considered two horizontal stress conditions: 1) both the principal far field horizontal 
stresses were taken to be equal to 15 MPa, and 2) median principal stress was taken to be 19 MPa while the 
minimum was taken to be 15 MPa. The vertical stress at the bottom of the model was taken to be 21.58 MPa. The 
internal wellbore pressure was taken to be 10 MPa. The initial applied horizontal stress in the direction (X axis) 
of the minimum principal stress (ߪଷ ) for the two cases are shown in Figure 4-a and 4-b.
Figure 4.Initial horizontal stress along the minimum principal stress (ߪଷ) direction (X axis) for (a) equal far field 
stresses ߪଶ = ߪଷ = 15 MPa, (b) unequal far field stresses ߪଶ=19 MPA and ߪଷ= 15 MPa
2.5 Boundary Conditions
No flow of fluid and heat was allowed across the external boundaries of the model domain, except the 
reservoir boundaries where a specified pressure was applied.
The bottom of the model, including the imprints of the reservoir, cement and steel were not allowed to 
move vertically but placed on rollers allowing freedom of horizontal movement. The external face of the model 
along the X axis (i.e. perpendicular to the Y axis) passing through the wellbore was constrained to zero 
displacement in the Y direction, while it was free to move in the X and the Z direction. Similarly, the external 
face of the model along the Y axis (i.e. perpendicular to the X axis) passing through the wellbore was constrained 
to zero displacement in the X direction, while it was free to move in the Y and the Z direction. The other three 
external faces of the model normal to the X, Y, and Z directions respectively were unconstrained. The cylindrical 
boundary of the model along the inside of the steel casing had a specified normal traction of 10 MPa on it equal 
to the fluid pressure in the wellbore.
3. Results and Discussion
3.1 Case1: Uniform properties
An initial simulation was performed with constant material properties throughout the domain (Table 2). Although 
physically unrealistic, this established a baseline. Permeability of the system was taken to be 10-18 m2 everywhere 
except for the reservoir which was 10-12 m2 and steel which was 10-22 m2. The results showed that for this case, as 
expected, no material failure occurred even for reservoir overpressures up to 5 MPa. 
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Table 2. Material properties for the uniform case
Young’s 
Modulus 
(GPa)
Poisson 
Ratio
Cohesion
(MPa)
Porosity
Value 5 0.25 3 0.2
3.2 Case2: Weak cement-rock interface
This case had zero cohesion at the cement-reservoir and cement-caprock interfaces. Selected material properties 
used for this case are shown in Table 3, all the rest were the same as Table 1. The permeability multiplier value 
used in results shown in Figures 5 was 100. Figure 8 additionally includes results for permeability multiplier 
values of 10. The results for far field horizontal stress of 15 MPa in all directions are compared with those for 
minimum principal stress of 15 MPa in the X direction and the median principal stress of 19 MPa in the Y 
direction. 
Table 3. Material properties used for the weak cement-rock interface case
Material Young’s 
Modulus 
(GPa)
Poisson 
Ratio
Cohesion
(MPa)
Density
kg/m3
Coefficient 
of Friction
Porosity Initial 
Permeability
(log10 (m2))
Specific 
Heat
J/kg/0K
Steel 
casing
200 0.28 70 6600 0.8 0.001 -22 500
Cement 1 - 10 0.1 -0.3 3 2400 0.8 0.25-0.4 -18 1500
Caprock 1 - 20 0.1 -0.4 7 2200 0.8 0.05-0.2 -18 1300
Reservoir 10 - 30 0.1 -0.3 10 2200 0.8 0.25 -12 1300
Cement-
Steel 
Interface
0.4 - 10 0.1 -0.4 3 2500 0.8 0.2-0.5 -16 1000
Cement-
Rock 
Interface
0.4 - 10 0.1 -0.4 0 2300 0.8 0.2-0.5 -16 1400
Figure 5-a shows an isosurface representation of the failed region 0.1 days after reservoir pressurization at 1 
MPa for the case of isotropic far field horizontal stresses. The surface has the shape of a quarter cylinder, with 
the leading edge showing some angular variation which is expected due to the angular variation in the stress 
concentration near the wellbore. For comparison, a similar isosurface is shown in Figure 4-b for the case of 
anisotropic stress field with median far field stress of 19 MPa and the minimum far field stress of  15 MPa. The 
vertical propagation of this surface is smaller in Figure 5-b, consistent with the fact that the average horizontal 
stress is higher and thus the average deviatoric stress is lower in this case compared to the homogeneous case. 
Also noteworthy is the shape of this surface which is localized and narrow in the anisotropic case.
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Figure 5. Failure surfaces after 0.1 days of pressurization for the case of weak cement-rock interface, (a) uniform 
horizontal stress of 15 MPa, (b) median horizontal principal stress of 19 MPa and minimum horizontal stress of 
15 MPa.
Figure 6. Contours of permeability showing regions with permeability enhancement due to shear failure after 0.1 
days of pressurization, (a) shows the vertical extent (b) a cut-away showing the ring shape.
Figure 6-a shows the zone of enhanced permeability due to material failure in a three dimensional section 
enlarged near the wellbore 0.1 days after a pressure increase of 1 MPa is applied in the reservoir (seen in red near 
(b)
(a) (b)
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the lower right portion of the figure). A region of shear failure, marked by increased permeability, develops along 
the cement-rock interface. This region has a ring shape as seen in the cut-away section shown in figure 5-b. 
As seen in Figure 7-a, this leads to pressure contours also moving upwards around this region, shown after 
0.1 day of pressurization. For comparison, the pressure contours for the case of constant properties, where the 
material does not fail, is shown in Figure 7-b after 0.1 days of pressurization. Notice that pressure contours for 
the weak cement case rise significantly due to permeability enhancement resulting from the failure of the 
material at the cement-rock interface, indicating migration of the reservoir fluid upwards through the caprock-
cement interface. 
Figure 7: Contours of pore pressure showing regions with permeability enhancement due to shear failure after 0.1 
days of pressurization (a) weak cement-rock interface, (b) uniform properties case
Figure 8. Vertical position of the damage with time with uniform horizontal stress of 15 MPa. The inset at the 
lower right is a log-log plot of the data with linear regression, showing that the propagation distance varies 
approximately as the 8th root of time.
The propagation of the tip of the damage front as a function of time is shown in Figure 8 for the case of 
1.00E+00
1.50E+00
2.00E+00
2.50E+00
3.00E+00
3.50E+00
4.00E+00
4.50E+00
5.00E+00
0.00E+00 2.00E-02 4.00E-02 6.00E-02 8.00E-02 1.00E-01
Fr
on
t P
os
iti
on
 (m
)
Elapsed Time (days)
15 Mpa, Pf 100
y = -0.1188x - 0.7926
R² = 0.9975
-0.68
-0.66
-0.64
-0.62
-0.6
-0.58
-0.56
-2 -1 0
(a) (b)
5746   Sharad Kelkar et al. /  Energy Procedia  63 ( 2014 )  5737 – 5748 
isotropic far field horizontal stress of 15 MPa and overpressure of 1 MPa in the reservoir for a duration of 0.1 
days. The inset at the lower right is a log-log plot of the data with linear regression, showing that the propagation
distance varies approximately as the 8th root of time. Physical reasoning for this dependence is not currently 
understood.
Figure 9. Vertical position of the damage with time for overpressure of 1 MPa with anisotropic far field stress 
field with median horizontal principal stress of 19 MPa and minimum horizontal stress of 15 Mpa, (a) for 1 day 
of pressurization showing comparison of results for permeability multiplier of 10 and 100, (b) 30 days of 
pressurization showing continued propagation of the damage front. The inset at the lower right of figure 8-b is a 
log-log plot of the data with linear regression, showing that the propagation distance varies approximately as the 
6th root of time.
Figure 9-a shows damage front propagation as a function of time for the case of anisotropic far field 
horizontal stresses with median and minimum values of 19 and 15 MPa with 1 MPa reservoir overpressure. 
Results are presented for failure-permeability enhancement factors of 10 and 100. As expected, the front 
propagates further for the large value of enhancement, clearly demonstrating the effect of coupled fluid flow in 
the failed region. Figure 9-b shows similar results for a much longer duration of 30 days with the large 
permeability multiplier of 100. It is noteworthy that the damage front continues to propagate for this duration, 
reaching a height of about 14 meters after 30 days. The inset in the lower right of Figure 9-b shows a log-log plot 
of the data with linear regression, showing that the propagation distance varies approximately as the 6th root of 
time. Physical reasoning for this dependence is not currently understood, however, the exponent appears to 
depend on the far field stress conditions, which is not surprising considering that Mohr-Coulomb failure criteria 
depends on the stress. Comparing Figures 7 and 8, we see that the failure front propagates further for the 
isotropic 15MPa stress field than the anisotropic stress field between 19 and 15 MPa, likely as a result of the 
lower mean stress in the isotropic case.
3.3 CASE3: Weak Cement-Steel Interface 
This case had low cohesion in the cement and the cement-steel caprock interface compared to the previous 
case. Selected material properties used for this case are shown in Table 4, all the rest were the same as Table 2.
Permeability multiplier value used was 100. It was found that failure occurred at the steel-cement interface even 
without any overpressure in the reservoir. This is because the model considers the inner boundary of the steel 
casing to be the radius of the wellbore, allowing the stress concentrations to strongly affect the steel-cement 
interface. While this is a possible scenario, it is also likely that the stress concentrations do not transmit though 
the cement; this possibility will be studied in future work.  An injection pressure of 1 MPa in the reservoir was 
sufficient to permit fluid flow from the reservoir through the cement up through the steel-cement interface. 
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Table 4. Selected material properties for the ‘weak cement & cement-Steel interface’ model
Material Young’s 
Modulus 
(GPa)
Poisson 
Ratio
Cohesion
(MPa)
Porosity Permeability 
Multiplier
Steel 
casing
200 0.28 70 0.001 100
Cement 3 0.2 1.5 0.3 100
Caprock 10 0.3 14 0.15 100
Reservoir 20 0.25 10 0.25 100
Cement-
Steel 
Interface
5 0.2 2 0.2 100
Cement-
Rock 
Interface
5 0.2 1.5 0.2 100
3.3 CASE4: Relatively Strong Cement with Weak Caprock
This case had low cohesion in the caprock with relatively strong steel-cement and cement-rock interfaces.
Selected material properties used for this case are shown in Table 5, all the rest were the same as Table 2.
Permeability multiplier value used was 100. It was found that failure did not occur in the model with 
overpressures up to 1 MPa.
Table 5. Selected material properties for the ‘Relatively Strong Cement with Weak Caprock’ model
Material Young’s 
Modulus 
(GPa)
Poisson 
Ratio
Cohesion
(MPa)
Porosity Permeability 
Multiplier
Steel 
casing
200 0.28 70 0.001 100
Cement 5 0.2 3 0.3 100
Caprock 3 0.3 2 0.15 100
Reservoir 20 0.25 10 0.25 100
Cement-
Steel 
Interface
5 0.2 3 0.2 100
Cement-
Rock 
Interface
5 0.2 3 0.2 100
4. Conclusions
In this work we have presented a numerical model useful for analyzing the stability of a pre-existing wellbore 
penetrating a potential CO2 storage reservoir. We found that in the case of weak cement-rock interface with 1 
MPa overpressure in the reservoir, poroelastic effects lead to failure at the cement-rock interface. In the model 
this material failure was associated with permeability enhancement, leading increased fluid flow in the annular 
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region causing the damage front to propagate with time. The front reached 14m in 30 days after pressurization 
and appeared to advance as the 6th root of time for the case anisotropic stress field and as the 8th root of time for 
the isotropic stress field. If the damage front continues to propagate with power-law time dependence, then the 
permeable front will eventually breach any overlying aquifers and eventually the surface. We found that failure 
did not occur in the case of strong interfaces even with weak cement for overpressures as high as 5 MPa. We also 
found that for the case of weak steel-cement interface, failure occurred spontaneously without any overpressure 
in the reservoir.
5. Future work
Future work can address: 
1. Wellbore stability under stress conditions of strike-slip and reverse faulting.
2. Effect of plane strain versus plane stress conditions in the vertical direction .
3. Effects of thermal stresses for wellbores in the vicinity of the injection zones.
4. Effect of the anchoring depth of the wellbore.
5. Effect of wellbore stress concentration extending only up to the cement-rock and up to the steel-cement 
interfaces.
6. Sensitivity of the results to various rock properties.
7. Flow rates associated with the failures for brine and CO2 migration.
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